Upregulation of hypoxia-inducible factors HIF-1 and HIF-2 is frequent in human cancers and may result from tissue hypoxia or genetic mechanisms, in particular the inactivation of the von Hippel-Lindau (VHL) tumour suppressor gene (TSG). Tumours with VHL inactivation are highly vascular, but it is unclear to what extent HIFdependent and HIF-independent mechanisms account for pVHL tumour suppressor activity. As the identification of novel pVHL targets might provide insights into pVHL tumour suppressor activity, we performed gene expression microarray analysis in VHL-wild-type and VHL-null renal cell carcinoma (RCC) cell lines. We identified 30 differentially regulated pVHL targets (26 of which were 'novel') and the results of microarray analysis were confirmed in all 11 novel targets further analysed by real-time RT-PCR or Western blotting. Furthermore, nine of 11 targets were dysregulated in the majority of a series of primary clear cell RCC with VHL inactivation. Three of the nine targets had been identified previously as candidate TSGs (DOC-2/DAB2, CDKN1C and SPARC) and all were upregulated by wild-type pVHL. The significance for pVHL function of two further genes upregulated by wild-type pVHL was initially unclear, but re-expression of GNG4 (G protein gamma-4 subunit/ guanine nucleotide-binding protein-4) and MLC2 (myosin light chain) in a RCC cell line suppressed tumour cell growth. pVHL regulation of CDKN1C, SPARC and GNG4 was not mimicked by hypoxia, whereas for six of 11 novel targets analysed (including DOC-2/DAB2 and MLC2) the effects of pVHL inactivation and hypoxia were similar. For GPR56 there was evidence of a tissuespecific hypoxia response. Such a phenomenon might, in part, explain organ-specific tumorigenesis in VHL disease. These provide insights into mechanisms of pVHL tumour suppressor function and identify novel hypoxiaresponsive targets that might be implicated in tumorigenesis in both VHL disease and in other cancers with HIF upregulation.
Upregulation of hypoxia-inducible factors HIF-1 and HIF-2 is frequent in human cancers and may result from tissue hypoxia or genetic mechanisms, in particular the inactivation of the von Hippel-Lindau (VHL) tumour suppressor gene (TSG). Tumours with VHL inactivation are highly vascular, but it is unclear to what extent HIFdependent and HIF-independent mechanisms account for pVHL tumour suppressor activity. As the identification of novel pVHL targets might provide insights into pVHL tumour suppressor activity, we performed gene expression microarray analysis in VHL-wild-type and VHL-null renal cell carcinoma (RCC) cell lines. We identified 30 differentially regulated pVHL targets (26 of which were 'novel') and the results of microarray analysis were confirmed in all 11 novel targets further analysed by real-time RT-PCR or Western blotting. Furthermore, nine of 11 targets were dysregulated in the majority of a series of primary clear cell RCC with VHL inactivation. Three of the nine targets had been identified previously as candidate TSGs (DOC-2/DAB2, CDKN1C and SPARC) and all were upregulated by wild-type pVHL. The significance for pVHL function of two further genes upregulated by wild-type pVHL was initially unclear, but re-expression of GNG4 (G protein gamma-4 subunit/ guanine nucleotide-binding protein-4) and MLC2 (myosin light chain) in a RCC cell line suppressed tumour cell growth. pVHL regulation of CDKN1C, SPARC and GNG4 was not mimicked by hypoxia, whereas for six of 11 novel targets analysed (including DOC-2/DAB2 and MLC2) the effects of pVHL inactivation and hypoxia were similar. For GPR56 there was evidence of a tissuespecific hypoxia response. Such a phenomenon might, in part, explain organ-specific tumorigenesis in VHL disease. These provide insights into mechanisms of pVHL tumour suppressor function and identify novel hypoxiaresponsive targets that might be implicated in tumorigen-Introduction von Hippel-Lindau disease (VHL) (OMIM 193300 ) is a dominantly inherited familial syndrome characterized by the development of vascular tumours (haemangioblastomas) in the retina and central nervous system, renal cell carcinoma (RCC), phaeochromocytoma and pancreatic endocrine tumours (Maher et al., 1990; Kaelin and Maher, 1998) . Somatic inactivation of the VHL tumour suppressor gene (TSG) by allele loss, mutation or promoter hypermethylation occurs in most sporadic clear cell RCC (Foster et al., 1994; Gnarra et al., 1994; Clifford et al., 1998) . The VHL TSG gene product complexes with elongin C, elongin B and Cul2 proteins to form a ubiquitin ligase complex (VCBC) with structural similarities to the yeast SCF protein complex (Skpl-Cdc53/Col1-F-box) (Pause et al., 1997; Lonergan et al., 1998; Iwai et al., 1999; Lisztwan et al., 1999) . The VCBC complex targets the a regulatory subunits of hypoxia inducible factors HIF-1 and HIF-2 for oxygen-dependent proteolysis (Maxwell et al., 1999; Cockman et al., 2000; Ohh et al., 2000; Tanimoto et al., 2000) . HIF-1 is a basic helix-loop-helix heterodimeric transcription factor that plays a critical role in cellular responses to hypoxia. In VHL defective cells, HIF-a subunits are constitutively stabilized, leading to overexpression of HIF-1 and HIF-2 and an extensive range of hypoxia-inducible mRNAs including those involved in energy metabolism, angiogenesis and apoptosis (e.g. glucose transporter (GLUT-1) and vascular endothelial growth factor (VEGF)).
Both HIF-dependent and HIF-independent mechanisms have been implicated in pVHL tumour suppressor activity (Kondo et al., 2002 Maranchie et al., 2002; Mack et al., 2003; Zimmer et al., 2004) . However, the complex genotype-phenotype correlations observed in VHL disease suggest that pVHL has multiple functions. Accordingly, a range of putative pVHL functions have been described including regulation of cell cycle exit control (Pause et al., 1998) , fibronectin binding and extracellular matrix assembly , mRNA stability (Gnarra et al., 1996; Levy et al., 1996; Knebelmann et al., 1998) , microtubule stability (Hergovich et al., 2003) and interaction with atypical PKCs (Pal et al., 1998; Okuda et al., 2001) . However, some of these functions may be HIF-dependent.
Analysis of global mRNA expression patterns by oligonucleotide microarray technology or SAGE analyses has provided an unbiased approach to identifying pVHL target genes (Wykoff et al., 2000; Zatyka et al., 2002; Jiang et al., 2003; Wykoff et al., 2004) . As the identification of novel pVHL targets might provide further insights into mechanisms of pVHL tumour suppressor activity, we used high-density oligonucleotide arrays to identify differentially expressed genes in pVHL wild-type and null RCC cell lines. We then investigated in detail a subset of novel candidate pVHL target genes to determine whether they were regulated by HIF-dependent or -independent mechanisms.
Results
Expression array analysis of VHL þ and VHLÀ null RCC4 cell line To identify novel pVHL targets, we used the Affymetrix U95v2 GeneChip microarrays to assay 12 600 mRNA transcripts in stable RCC4 transfectants expressing empty vector or full-length wild-type human pVHL (RCC4/VHL). To investigate the consistency between experiments, we performed two independent experiments and three clones in total of each cell line (RCC4/ VHL-and RCC4/VHL þ ) were analysed. As illustrated in Figure 1 , there was a good correlation between the results of the two experiments and each of the two clones.
We identified 30 genes (0.2 of total genes analysed) that demonstrated a X2-fold difference between VHL þ and VHL-cells in both experiments and in the three different clones. In all, 26 of the candidate pVHL target genes had not been reported previously (Table 1) , whereas four had (VEGF, transgelin, Differentiated embryo chondrocyte 1 (DEC1) and Cyclin D1(CCND1), transgelin and DEC1) (Gnarra et al., 1996; Iliopoulos et al., 1996; Wykoff et al., 2000; Zatyka et al., 2002) . In all, 11 of the candidate novel pVHL targets GNG4 (G protein gamma-4 subunit/guanine nucleotide-binding protein-4), GPR56 (G-proteincoupled receptor), KIAA0838 GLS (KIAA0838), DOC-2/DAB2 (differentially expressed in ovarian carcinoma-2/disabled-2), P311, CDKN1C (cyclin-dependent kinase 1C inhibitor), MLC2 (myosin light chain), SPARC (secreted, protein, rich in cysteine), Claudin 4, E3 (E3) and MCT3 (monocarboxylate transporter) were selected for further investigation. 8 of 11 were upregulated by wild-type pVHL and 3 were downregulated.
Confirmation of gene expression microarray analysis in a subset of genes
Real-time PCR analysis of 11 novel candidate pVHL target genes To confirm the expression array results we used real-time PCR analysis. Thus, total RNA was prepared from stably transfected RCC4 cell lines Western blot analysis of VHL target genes To determine whether pVHL regulation of target gene transcripts was reflected in protein levels, Western blots of RCC4/VHL þ and RCC4/VHLÀ protein extracts were probed with anti-CDKNIC and anti-MCT-3 antibodies.
In each case the effect of pVHL on the transcripts was mirrored by the effect on protein levels. Thus pVHL upregulated CDKNIC and downregulated MCT3 protein expression (Figure 2 ). (Table 2) .
VHL target gene expression in primary tumours
The relationship between pVHL regulation of target genes in an isogenic cell line and in primary RCC with VHL inactivation (somatic VHL mutation73p25 allele loss) was analysed in up to nine paired normal-tumour pairs. For
, all tumours tested demonstrated altered expression consistent with the cell line data (results showed threshold of X2-fold differential expression). For DOC-2/DAB2 6/7 clear cell RCC with VHL inactivation demonstrated downregulation compared to matched normal tissue. However, E3 and CDN4 demonstrated altered expression in only a minority of the primary tumours tested (4/9 and 1/3, respectively) (data not shown).
Analysis of the tumour-suppressing activity of MLC2 and GNG4 in RCC
In order to determine the relevance of pVHL upregulation of MLC2 and GNG4 for pVHL tumour suppressor function, we determined the effect of MLC2 and GNG4 expression on RCC cell line growth and migration.
Inhibition of colony formation by MLC2 and GNG4 in tumour cell lines Colony formation assays were used to test for the growth-inhibitory effect of MLC2 and GNG4 in a RCC cell line with VHL inactivation and loss of MLC2 and GNG4 expression. Empty plasmid pCDNA3.1 or pcDNA3.l containing the full open reading frame of MLC2 and GNG4 was transfected into the RCC SKRC45 tumour cell lines. Cells were selected with geneticin (G418), 48 h after transfection, and resistant colonies developing 14-21 days later were stained with 0.4% crystal violet. The number of G418-resistant colonies after transfection with GNG4 was reduced by 72% (s.d.72.6%, P ¼ 0.009) compared with transfection with empty vector control, in three independent experiments ( Figure 3a ). Colony formation efficiency after transfection with MLC2 was reduced by 61.3% (s.d.77.7%, P ¼ 0.002) compared with transfection with empty vector control in three independent experiments ( Figure 3b ).
Re-expression of MLC2 and GNG4 and cell motility Following growth in serum-free media, confluent dishes of stable SKRC45-empty vector and SKRC45-wt-MLC2 and -GNG4 were scratched with a 200 ml pipette tip. After 24 h, both the SKRC45 cells re-expressing MLC2 and GNG4 and SKRC45-pCDNA 3.1 cells had fully invaded the resulting 'wound', suggesting that GNG4 and MLC2 TSGs are not involved in the regulation of cell mortility.
Regulation of VHL target genes by oxygen To determine whether the novel pVHL target genes were likely to be regulated by HIF-dependent or -independent mechanisms, we investigated whether they demonstrated evidence of hypoxic induction. Thus, we analysed the effect of hypoxia on expression of the 11 target genes in a pVHL þ RCC4 cell line such that target gene expression was compared in hypoxia (1%) and normoxia (21%) by real-time PCR to expression of the known hypoxia-inducible pVHL target gene, PAI-1. As expected, expression of PAI-1 was upregulated by hypoxia, matching the effect that VHL inactivation Figure 2 Western blot analyses of CDKN1C and MCT3 protein levels. CDKN1C was shown to be upregulated by wild-type pVHL, while MCT3 showed a downregulation in wild-type pVHL. Two clones representing VHL þ and VHLÀnull were used. These analyses were standardized against b-actin Identification of novel VHL target genes EN Maina et al has on this gene. Similarly, three target genes downregulated by wild-type pVHL (Claudin 4, E3 and MCT3) were all induced by hypoxia. Of the remaining eight novel target genes that were upregulated by wild-type pVHL, hypoxia downregulated DOC-2/DAB2, MLC2 and GPR56. Three novel pVHL target genes demonstrated no significant hypoxic response (GNG4, GLS and SPARC), while two genes that were upregulated by wild-type VHL were also upregulated by hypoxia (P311 and CDKN1C). As CCND1 has previously been demonstrated to be hypoxia inducible in a RCC cell line expressing wildtype pVHL but not in bladder or breast cell lines, we analysed the effect of hypoxia on gene expression in EJ-29 (bladder cancer cell line) and HBL-100 (breast cancer cell line) for PAI-1, MCT3, MLC2, P311, CDKN1C, DOC-2/DAB2, GPR56 and GNG4. Except for GPR56, the results in RCC4 matched those in EJ-28 or HBL-100. However, GPR56 demonstrated no response to hypoxia in the two non-RCC cell lines, but was downregulated by hypoxia in a RCC4 cell line expressing wild-type VHL (Table 3) . 
Discussion
We used high-density oligonucleotide expression arrays to examine differences in mRNA expression resulting from stable transfection of wild-type pVHL into a VHL defective RCC cell line. Using a significance threshold of two fold differential expression, we identified 30 genes that were differentially regulated. Although other groups have used similar strategies to identify pVHL targets (Wykoff et al., 2000 (Wykoff et al., , 2004 Zatyka et al., 2002; Jiang et al., 2003; Staller et al., 2003) only four (VEGF, CCND1, transgelin and DEC1) of the 30 genes had been previously identified as a pVHL target. We selected 11 of the 26 novel target genes for further analysis and verified the microarray expression results by real-time quantitative RT-PCR or Western analysis in all cases. Thus, it would appear that our experimental approach had a low false-positive rate. However, we did not detect candidate pVHL target genes that have been identified in previous microarray studies (e.g. CD59, integrin alpha-3, JM4, LRP1) (Wykoff et al., 2000 (Wykoff et al., , 2004 Zatyka et al., 2002; Jiang et al., 2003) . Possible reasons for these differences include variables such as the specific cell lines used, the microarray chips employed and the different thresholds selected for analysis. However, we note that although Wyckoff et al. (2004) and Jiang et al. (2003) both analysed the 768-0 RCC cell line different targets were identified and differences between studies may also relate to methodological differences such as sample preparation and hybridization.
As a pVHL target gene is not necessarily relevant for pVHL tumour suppressor activity, we reviewed whether the known or putative functions of the 11 novel pVHL targets were consistent with that expected for a role in pVHL tumour suppressor activity. Thus, a priori we might expect that the eight genes (GNG4, GPR56, GLS, DOC-2/DAB2, P311, CDKN1C, MLC-2 and SPARC) upregulated by wild-type pVHL would have antioncogenic properties and the three genes (E3, Claudin 4 and MCT3) downregulated by wild-type pVHL would have oncogenic functions.
DOC-2/DAB2 is a mitogen-responsive phosphoprotein that is thought to be an essential component of the wnt/TGF-beta signaling pathway (Hocevar et al., 2001; Wang et al., 2002) . DOC-2/DAB2 is a potent tumour suppressor in many cancer types and is downregulated in ovarian, breast, prostate and colorectal cancers (Mok et al., 1994; Schwahn and Medina, 1998; Tseng et al., 1999; Kleeff et al., 2002; Wang et al., 2002) . DOC-2/DAB2 forms a protein complex with hDAB2IP (human DAB2 interactive protein) that modulates the Ras-mediated signaling pathway . This complex has been detected in the basal cell population of the prostate gland (Tseng et al., 1999; Wang et al., 2002) and may orchestrate the differentiation and proliferation potential of these cells during gland development.
pVHL-null RCC cells are reported to have a defect in cell cycle exit control (Pause et al., 1998) and CCND1 has been identified as a pVHL target (Horiuchi et al., 2002; Zatyka et al., 2002; Baba et al., 2003) . CDKN1C is a maternally expressed imprinted gene that is mutated in a subset of patients with the Beckwith-Wiedemann syndrome (BWS) (Hatada et al., 1996; Lam et al., 1999) . BWS is characterized by prenatal and/or postnatal overgrowth and susceptibility to embryonal cancers such as Wilms' tumours (Maher and Reik, 2000) . Somatic CDKN1C mutations have not been reported in human cancers, but epigenetic silencing of CDKN1C has been reported in lymphoid and solid cancers (Kikuchi et al., 2002; Li et al., 2002) , although RCC has not yet been analysed. CDKN1C induces cell cycle arrest by inhibiting the activity of cyclin-dependent kinases, so both genetic and functional evidence implicate CDKN1C as a candidate TSG. SPARC, also called osteonectin or BM-40, is a calcium-binding matricellular glycoprotein, which is expressed in tissue undergoing remodeling (Bornstein and Sage, 2002) . Although its precise role is unclear, SPARC plays a modulatory role in cell-matrix interaction (Lane and Sage, 1994) , induces cell rounding, blocks cell spreading and adhesion, and inhibits endothelial cell migration (Sage et al., 1989; Hasselaar and Sage, 1992; Kupprion et al., 1998) . SPARC has been reported to have antiangiogenic activity in cancer (Chlenski et al., 2002) and to induce apoptosis and reduce in vitro growth and tumorigenesis of cancer cells (Yiu et al., 2001) .
P311 encodes a highly conserved protein that is upregulated by pVHL. Although the precise function of P311 is unknown, P311 mRNA expression is downregulated by Met and its ligand, hepatocyte growth factor/scatter factor (HGF). While P311 has not been implicated in renal tumorigenesis previously, germlineinactivating mutations in MET cause hereditary papillary RCC (Kuroda et al., 2003) and pVHL inhibits HGF-induced invasion and branching morphogenesis in renal carcinoma cells (Koochekpour et al., 1999) . These observations suggest a synergy between the loss of VHL function and Met signaling.
The potential tumorigenic roles of the remaining three genes upregulated by pVHL introduction were not clear. Thus, GLS (KIAA0838) catalyses the first reaction in the primary pathway for the renal catabolism of glutamine. GLS has three isoforms (kga (analysed here), gam and gac) that are produced by alternative splicing. Kga is expressed predominantly in brain and kidney. It has been suggested that increased rates of proliferation and levels of malignancy in colorectal tumour cells may be attributable to downregulation of one or more isoforms of GLS, accompanied by increased glucose metabolism (Turner and McGivan, 2003) . GNG4 is a member of the G protein gamma subunits multigene family (Kleuss et al., 1993) , which is required for coupling of the muscarinic receptor to voltage-sensitive calcium channels (Kalyanaraman et al., 1998) . To investigate whether GNG4 has tumour suppressor activity, we transformed wild-type GNG4 into a RCC cell line with loss of GNG4 expression. Restoration of GNG4 expression was associated with reduced ability to form colonies, but there was no apparent effect on cell migration. Similarly, MLC2 is known to play an important role in regulation of both smooth muscle and non-smooth muscle cells and has been shown to be downregulated in many transformed cell lines (Kumar and Chang, 1992) . Again, we found that restoration of MLC2 expression in a VHL-defective cell line without MLC2 expression resulted in suppression of in vitro colony formation with no apparent effect on cell migration. These results suggest that both MLC2 and GNG4 can be considered to be candidate TSGs implicated in pVHL tumour suppressor activity. Three of 11 confirmed pVHL targets were downregulated by wild-type pVHL. If these were germane to pVHL tumour suppressor activity, we would predict that they would function to promote tumour growth. E3 (E3, coagulation factor III or thromboplastin), a transmembrane glycoprotein, is a receptor for factor VII/VIIa, and is the main initiator of blood coagulation (Edgington et al., 1991) . E3 is also involved in a variety of cellular processes, including intracellular signaling, cellular proliferation and the development of blood vessels. E3 expression appears to be a marker for malignant angiogenesis in human cancers (Contrino et al., 1996; Guan et al., 2002; Ohta et al., 2002) . Thus, from the described putative functions of E3, downregulation of E3 by pVHL would be expected to suppress tumorigenesis. Claudin 4 was also downregulated by wild-type pVHL. The tight junction (TJ) and its adhesion molecules, claudins, are responsible for the barrier function of epithelia (Furuse et al., 2002) . Claudin 4 (CDN4) encodes an integral membrane protein and is a component of tight junction strands. It is reported to be overexpressed in most pancreatic cancer tissues and cell lines and also in several other gastrointestinal tumours (Michl et al., 2001) , so again the proposed functional effects of Claudin 4 would predict that wild-type pVHL should downregulate (rather than upregulate) Claudin 4 expression, if regulation of Claudin 4 was relevant to VHL tumour suppression. Interestingly, both E3 and CDN4 did not consistently demonstrate altered expression in primary RCC with VHL inactivation. Finally, the proton-linked MCT3 catalyses the rapid transport across the plasma membrane of many monocarboxylates such as lactate, pyruvate, branched-chain oxo-acids derived from leucine, valine and isoleucine, and the ketone bodies acetoacetate, beta-hydroxybutyrate and acetate. MCTs are ubiquitously distributed among many tissues. Transmembrane lactate transport is mediated mainly by MCTs, so MCT function is important for pH regulation. An acidic extracellular pH is a fundamental property of the malignant phenotype and overexpression of carbonic anhydrase IX by VHL-inactivated RCC has been suggested to contribute to the tumour microenvironment by maintaining extracellular acidic pH and helping cancer cells grow and metastasize (Ivanov et al., 2001) . Further investigation is required to determine if MCT3 downregulation by pVHL is relevant to pVHL function.
The known or putative functions of the majority of novel pVHL-target genes we identified suggest that changes in their expression following pVHL inactivation would contribute to tumour development. The extent to which HIF-1 and HIF-2 dysregulation accounts for tumour development after VHL inactivation is unclear.
Thus Kondo et al. (2003) reported that HIF-2 overexpression per se promoted tumorigenesis, but Maranchie et al. (2002) found that normoxic stabilization of HIF-1 was not sufficient to promote tumorigenesis. Further, genotype-phenotype correlation suggests that pVHL has multiple functions. In the current study, six of 11 confirmed pVHL targets investigated were demonstrated to be hypoxia-regulable such that the results of HIF overexpression would mimic the effects of VHL inactivation. Previously it has been demonstrated that CCND1 is hypoxia-inducible in RCC cell lines, but not in non-renal cell lines (e.g. breast and bladder) (Horiuchi et al., 2002; Zatyka et al., 2002; Baba et al., 2003) . We found that GPR56 was suppressed by VHL inactivation and hypoxia in a RCC cell line, but hypoxia did not affect expression in breast or bladder cancer cell lines. This finding demonstrates that CCND1 is not unique and that a distinct hypoxiarelated signalling pathway exists in renal cells. Such a pathway may play a critical role in determining the tissue-specific effects of VHL inactivation. We identified five novel VHL targets that were not hypoxia-responsive (GNG4, KIAA0838 and SPARC) or for which hypoxiainduced changes in gene expression were opposite to those seen with VHL inactivation (P311 and CDKN1C). Further work is required to investigate the precise significance of these genes for pVHL tumour suppression, and their precise mechanism of regulation. However, SPARC and CDKN1C have previously been implicated as TSGs and we have demonstrated that reexpression of GNG4 in a RCC cell line suppressed tumour cell growth. Thus, these findings provide evidence that both HIF-dependent and -independent mechanisms contribute to pVHL tumour suppressor activity.
While it is generally accepted that HIF dysregulation is closely linked to the characteristic vascularity of VHLrelated tumours, the importance of tumour cell growth is less well accepted. Although pVHL has a critical role in regulating proteosomal degradation of target proteins such as the HIF-a subunits, this mechanism cannot directly be implicated in regulation of target genes which were identified by changes in RNA expression. We note that VHL inactivation and RASSF1A, another TSG implicated in the pathogenesis of RCC, have similar effects on SPARC expression (Ivanov et al., 2001; Morrissey et al., 2001; Agathanggelou et al., 2003) , consistent with a role for this candidate TSG in RCC development. Six of the 11 confirmed novel pVHL target genes appeared to be regulated by HIF-dependent mechanisms. HIF-dependent downregulation of DOC-2/DAB2, MLC2, etc. has wide-ranging implications because of the involvement of the HIF transcription factors in both VHL-related tumours and in intratumoral hypoxic responses in many non-VHL-related human cancers. Thus, CXCR4 (a chemokine receptor implicated in organ-specific metastastic processes) was demonstrated to be regulated by pVHL in a HIFdependent manner (Staller et al., 2003) . These findings underscore the importance of understanding the mechanisms of pVHL tumour suppression.
Materials and methods

Cell culture and transfection
Stable transfection VHL gene expression constructs containing empty vector (pCDNA3.1, Invitrogen) or the wild-type pVHL (pCDNA 3.1-VHL (1-213). HA) were created and established as stable transfectants into a VHL-defective RCC4 cell line lacking endogenous VHL (Clifford et al., 2001) . Cells were grown in DMEM supplemented with 10% foetal calf serum (FCS), L-glutamine (2 mM), penicillin (50 IU/ml), streptomycin sulphate (50 mg/ml) and G418 (1 mg/ml). Cells approaching confluence were harvested and the resulting RNA used for gene expression analysis by real-time PCR.
Transient transfection
Transient transfection was similarly set up using pCDNA 3.1-VHL (1-213) or pCDNA 3.1. Cells were grown in 60 mm dish for 24hrs in DMEM supplemented with 10% FCS, Lglutamine (2 mM), penicillin (50 IU/ml) and streptomycin sulphate (50 mg/ml). Media was replenished 4 h before transfection. Plasmid (10 mg) was added to 200 ml of 250mM CaCl 2 and mixed with an equal volume of 2 Â HEPES phosphate buffer. After 10 min incubation, the mixture was added to each dish containing 4 ml of media. The growth media was replenished 24 h post-transfection and left for another 24 h before the cells were harvested for RNA preparation.
Oligonucleotide array expression analysis
Poly (A) mRNA purification, biotin labelling of cRNA and hybridization were performed according to the manufacturer's protocols. Double-stranded cDNA was synthesized from 5 mg poly (A) mRNA using reverse transcriptase Avian Myeloblastosis Virus Superscript Choice system (Gibco BRL) with a T7-poly dT primer. cDNA (1 mg) was in vitro transcribed (Ambion, Austin, TX, USA) in the presence of biotinylated UTP and CTP (Enzo Diagnostics). Target for hybridization was prepared by combining 15 mg of fragmented cRNA with hybridization buffer (100 mM MES, 1 M NaCl, 20 mM EDTA and 0.01% Tween-20) containing 50 pM control oligonucleotide B2, control cRNA cocktail, 0.1 mg/ml herring sperm DNA and 0.5 mg/ml acetylated BSA. Target samples were hybridized for 16 h at 451C to a set of oligonucleotide arrays (HG-U95Av2) Affymetrix, Santa Clara, CA, USA) containing probes for 12 600 human genes. Arrays were washed at 301C with nonstringent buffer 6 Â SSPET (3 M NaCl, 0.2 M NaH 2 PO 4 , 0.02 M EDTA, 0.005% Triton X-100, 0.01% , then at 501C with stringent buffer (100 mM, 0.1 M NaCl, 0.01% Tween-20). Arrays were then stained with streptavidin-phycoerythrin (Molecular Probes). Fluorescence intensities were captured with a laser confocal scanner (Hewlett-Packard) and were analysed with the microarray software, MAS 4.0 software (Affymetrix). Each hybridization was first analysed using the Absolute Analysis software and then by comparative analysis between the cell lines. The absolute analysis yielded the average fluorescence difference and an absolute call of present or absent for each transcript. In the comparative analysis, transcripts were considered as significantly altered over control when the ratio of average fluorescence difference of experimental transcript to baseline was twofold.
Analysis of RNA by real-time quantitative RT-PCR
Total RNA from each sample used on the GeneChip was treated with DNase 1(Qiagen) according to the manufacturer's protocol. Additional clones were also used to assess consistency of results across different RCC4 cell line clones. DNase-1 (1 mg)-treated total RNA was used for cDNA synthesis. Reverse transcription was performed using 1.25 U/ml Multiscribe Transcriptase, 2.5 mM random hexamers, 500 mM per dNTP, 5.5 mM MgCl 2 and 0.4 U/ml RNase inhibitor (Applied Biosystems). Gene-specific primers were designed using Primer3-Output software. As SYBR Green 1 is not specific and binds to primer dimers formed nonspecifically during all PCR reactions, preliminary experiments were carried out with each primer pair to determine the annealing temperature that yielded the greatest amount of specific product (Table 4) .
Relative standard curves were generated from dilutions of cDNA from the VHL wild-type RCC4 cell line. Dilutions (1 : 5, 1 : 10, 1 : 20, 1 : 50 and 1 : 100) of cDNA were used to construct a relative standard curve. Each 25 ml PCR mixture contained 12.5 ml SYBR Green PCR Master Mix (1 Â SYBR Green Buffer, 3 mM MgCl 2 , 200 nM dNTP mix, 0.6275 U Amplitaq Gold, 0.25 U AmpErase UNG), 2.5 ml cDNA, 25-500 nM forward and reverse HPLC purified primers. Cycle conditions for the ABI 7900 HT were 501C for 2 min, 951C for 10 min and 40 cycles of 951C for 15 s and the specified annealing temperature for 1 min. Amplification was followed by melting curve analysis generated by heating the sample to 951C programmed for 10 s followed by cooling down to 601C for 15 s and slowly heating the samples at 11C/s to 951C while the fluorescence was measured continuously. Each reaction was run in triplicate, and a negative control without cDNA template was run with every assay to assess the overall specificity. Data were analysed with Microsoft Excel to generate raw expression values.
Standard curves were generated from cDNAs of different known dilution factors. Threshold cycle (C T ) was determined as the cycle number over background noise. The C T values were used to calculate and plot linear regression lines by plotting the logarithm of template concentration (X-axis) against the corresponding threshold cycle (Y-axis). The quality of the slope was judged from the correlation coefficient (r). The slope of the line was used to determine the efficiency of target amplification.
Western analysis
Protein was prepared from cell pellets. Cells were grown to B70% confluence, washed with ice-cold PBS and harvested by scraping. Cell pellets were homogenized in lysis buffer (150 mM NaCl, 50 mM Tris, 5 mM EDTA, 1% NP40 and protease inhibitors) and incubated on ice for 5 min. Lysates were centrifuged for 10 min at 13 000 r.p.m./41C and stored at À701C. Protein samples (20-40 mg) were separated on a 12% sodium dodecyl sulphate-polyacrylamide gel and electroblotted to transblot polyvinylidene difluoride membrane (Hybond-P; Amersham). Anti-CDKN1C (BD Pharmingen) and anti-MCT3 (Santa Cruz) were applied followed by secondary horseradish peroxidase conjugate, respectively, and visualization by the enhanced chemiluminescence detection system (Amersham Bioscience). b-Actin was used to show equal loading.
VHL target gene expression in primary tumours
Nine clear cell RCC tumour/normal pair mRNA samples were analysed for target gene expression by quantitative real-time PCR as described above. All tumours were clear cell RCC with VHL inactivation (VHL mutations or promoter methylation and allele loss). RNA was extracted using TriReagent (Sigma), according to the manufacturer's protocol. The RNA was analysed by real-time quantitative PCR as described earlier.
Approval for sample collection was obtained from the relevant Ethics committees.
Plasmid constructs and growth suppression analysis
The MLC2 and GNG4 expression constructs were made by cloning their full-length human coding regions into the EcoR1-BamHII sites of pCDNA3.1 vector (Invitrogen). In all, 1 mg of empty vector or expression vector was transfected using FuGENE 6 (Roche) according to the manufacturer's instructions, into 5 Â 10 4 SKRC45 cells growing in six-well plates. At 48 h after transfection, cells were seeded in a serial dilution and maintained in DMEM and 10% FCS supplemented with 50 mg/ ml G418 (Gibco). Surviving colonies were counted 14-21 days later, after staining with 0.4% crystal violet.
'Wound healing' was assayed by growing 5 Â 10 4 SKRC45 cells stably expressing MLC2 and GNG4 or the empty vector in DMEM supplemented with10% FCS. After 48 h, when the cells were approaching confluence, the media was replaced with serum-free DMEM. Cells were maintained in serum-free media in each well of a six-well plate for 24 h. Wells containing cells expressing either MLC2 or GNG4 or the empty vector Gene already known to be hypoxia inducible for information -not for Publication were then scratched with a 200 ml pipette tip and grown in serum-free medium for a further 24 h. The extent of 'wound healing' was observed microscopically.
VHL target gene regulation by hypoxia
Details of methods and cells used for hypoxic response studies have been reported previously (Zatyka et al., 2002) . Real-time RT-PCR was performed to determine whether the target genes were regulated by hypoxia. The data were normalized to bactin.
